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ABSTRACT 
Measurements of the spin-lattice relaxation time, T1, 
and spin-epin relaxation time, T2, of potassium ferricyanide 
diluted by potassium coba1ticyanide were made by the CW saturation 
method. Crystals of two concentrations of Fe3+ in K3Co(CN)6 were 
investigated: 0.5% and 1.0%. The results are the same for both 
concentrations to within the probable error. The mean relaxation 
times for the two concentrations are quoted to one significant 
figure, together with the probable errors: 
T1 =(1 ! 0.15) x 10-4 sec 
and T2 = (9 ! 0.4) x 10-9 sec. 
Calculations have been made to determine the angular 
dependence of the paramagnetic resonance spectra of potassium 
ferricyanide. Three graphs have been plotted which may be useful 
for comparison with future measurements. 
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INTRODUCTION 
The name paramagnetic reeonant-re1axation has been coined 
to set apart the method used in thie experiment from non-rel!5onant 
methods. Gorter and hie group started experimental studies by 
non-resonant methods in the late 1930's. Gorter (1947) is the 
standard work on non-resonant experimental methods and theory. The 
resonant method was first successfUlly used in 1945 and is now the 
most popular. Resonant methods are divided into two groups, re­
sonant-pulse and resonant-saturation; the resonant-saturation 
method was used in this experiment. 
Electron paramagnetic resonance and relaxation studies are 
important tor two reasons. First, the solid state maser is a de­
vice that makes use of paramagnetic resonance and there is a need 
to measure characteristics ot solids to determine if the material 
can be utilized as a maser. The spin-lattice relaxation time is 
an important parameter that must be known for this purpose; it was 
measured in this experiment. Secondly, the experimental determination 
of properties of paramagnetic crystals are useful to theoretical 
physicists. A satisfactory model which accounts for relaxation 
processes in dilute paramagnetic salts does not exist as yet. By 
comparing theoretical predictions with experimental results con­
cerning relaxation processes, theoreticians will eventually develop 
a new model in agreement with a large body of fact. 
From certain points of view, potassium ferricyanide is re­
latively simple to study. The Fe3+ ion in K3Co(CN)6 behaves as if 
it is a free ion with zero orbital angular momentum and spin equal 
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to one-half. The orbital angular momentum is said to be quenched 
and an effective spin of one-half means that only two energy levels 
are populated at very low temperatures. This will be more f'u.lly 
explained in Chapter I. The spin Hamiltonian for an effectively 
free ion with an effective spin of one~half is mathematically very 
easY' to use. If the rank of the Hamiltonian matrix is greater than 
two, usually a computer must be used to diagonalize it. 
Paramagnetic relaxation is more complex if the effective spin 
of an ion is greater than one-half. The probability of transitions 
induced by the applied high frequency magnetic field between pairs 
of spin levels is different for different pairs of levels. The 
probability of transitions induced by the lattice is also different 
for different pairs of levels. This means that a different spin­
lattice relaxation time is associated vith different pairs of levels. 
The main results of the thesis are the determinations of the 
SPi~-lattice relaxation time, Tl' and spin-spin relaxation time, T2, 
for 0.5% and 1.0% concentrations of Fe3+ in K3Co(CN)6. For both con­
centrations it was found that Tl =1 x 10-4 sec and T2 =9 x 10-9 sec. 
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1. POTASSIUM FERRICYANIDE 
(a) 	 Configuration and Ground State 
The symbolism for the triply ionized iron atom, its elec­
tron 	configuration and the ground state of the free iron ion is 
3+ 5 6 
Fe 3d 55/ 2• The meaning of this compact description is discussed 
in this section. The grrund state of a bound iron ion is not 
6 
necessarily 55/ 2• The case of the iron ion bound in the lattice 
associated with the compound K3Fe(CN)6 will be discussed in the 
next section. 
The symbol Fe refers to the atom with atomic number 
(number of protons in the nucleus) Z =26. The superscript is the 
valency of the ion. A valency of +3 means that the ion has a net 
positive charge of three and therefore, in the case of iron, there 
must be 23 electrons in orbit around the iron nucleus. 
The configuration 3d5 means that there are 5 electrons 
in the n=3, 1=2 shell. This abbreviated form of electron configu­
ration implies that all other shells which contain electrons are 
completely full. The electron configuration of the ionized atom,Fe3+, 
written in full, is ls22s22P63s23p63d5. For the neutral iron atom, 
2 262 6 2Fe, the electron configuration written in full is Is 28 2p 3s 3p 48 , 
6 2in abbreviated form, 3d 4s • 
In accordanc:::e with Hund's rules, the ground state (also 
6
called the ground term) of the free iron ion is 85/ 2• For reference 
purposes, Hund's three rules are stated below. 
1. The electron spins add to give the maximum possible 8 con­
sistent with the Pauli prinCiple. 
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2. The orbital momenta combine to give the maximum value 
for L that is consistent with Rule 1. 
3. 	 For an incompletely filled shell, 
J =L - S for a shell less than half occupied, 
J =L + S for a shell more than half occupied. 
The spectroscopic notation means the following: The 
letter; S in this case, indicates the number of units of total or­
bita1 angular momentum, that ts, the value of L. The subsoript 
is the sum or difference of the total orbital angular momentum, L, 
and the total spin angular momentum, S, in aooordance with Hund's 
third rule. The supersoript is 2S + 1, sometimes referred to as 
6 	 3+the mu1tiplioity. S5/2' the ground state of free Fe ,means 
L =0, J =5/2 and ~S + 1 =6. Equivalently, one says that the 
ground state is orbita1ly non-degenerate or is an orbital singlet 
and that the ground state is 6-fold spin degenerate. The total de­
generaoy is (2L+l)(2S~1) =6 when Russe11-Saunders coupling pre­
dominates. 
(b) 	 Energy levels 
5The energy level diagram of the d electron configuration 
is reproduced in Fig. 1 from Low (1960). Fe3+ and Mn2+ have the d5 
6
e1eotron configuration and S5/2 free ion ground state. As pointed 
out by Low (1960), the basio mechanisms responsible for S-state 
splitting are not completely understood as yet. However, the sp1it­
tings shown In Fig. 1 oan be accounted for qualitatively. The 6-fo1d 
degenerate free ion ground state cannot be split by the crystalline 
field because the ground state is an S-state. Spin-orbit ooupling 
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splits the S ground state into a lower 2-fold degenerate level and 
an upper 4-fold degenerate level. The 3d; oonfiguration is the 
only oonfiguration of the 3d transition group whioh does not have 
its ground state split by the orystalline field; all other ground 
states are widely split by the oubio part of the field and then 
further spUt by the lower symmetry part of the field. 
The effective spin of Fe3+ in K3Co(CN)6 is S' =1/2, as 
oontrasted to the free ion spin of 5 =;/2. The definition of the 
effective spin, SI is as follows. At the low temperatures that 
paramagnetic resonance measurements are made, only the energy levels 
within a few om-l of the ground level are populated. The effective 
spin S', is defined by equating (25 1;-1) to the number of energy 
levels appreciably populated, neglecting the splitting of energy 
levels due to nuclear interactions. From this definition of S' and 
the energy level diagram of Fe3+, it is seen that the effective spin 
is S' = 1/2. This is consistent with experimental observations made 
in this laboratory. Only one transition was observed and therefore 
only two energy levels effectively exist. 
Another point of view may be used to arrive at the same 
conclusion, the fact that S' =~2. This is the use of modified 
Hund's rules, which is discussed in Low (1960), p.l06, and Bowers 
and Owens (195;), p.3l0. Hund's rules are modified in the sense 
that the d-shel1 will only accept 6 electrons instead of 2(21 + 1) =10 
electrons. This modification amounts to applying Hund's rules as it 
the incomplete shell is a p-shel1 instead of a d-shel1. This im­
mediately gives the d5 configuration a spin of S' =1/2. 
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The modified Hund's rules apply only when the ion is 
covalently bonded or when the ion is exposed to a strong cr1stal­
line field. The octahedral cyanide complexes of the 3d group are 
strongly covalent; this includes the ~e(CN)6]3- complex. Due to 
the strong crystalline field, separation of the dE and d¥ energy 
levels is larger than the Russell-8aunders coupling energy. The 
low d~ level will accept 6 electrons but the upper dr will not 
accept its 4 allowed electrons because the energy of the d~ level 
is so high, the ion would be unstable. The ground terms for the 
3d transition group ions in a strong crystalline field are given 
in Table 2 - 4 of Bowers and Owens (1955). It is noticed that the 
ground terms in the table are precisely the ground terms of free 
ions with an incomplete p-shell. 
When the d-shell of an ion exposed to a strong crystal­
line field contains 6 electrons, the shell is considered full as 
stated above, and the ion must be diamagnetic. This is the reason 
3+ 6that Co 3d in the cyanide complex is diamagnetic and therefore 
useful as a dilutent for K3Fe(CN)6 and K3Cr(CN)6" 
There ls an energy level diagram of Fe3+ in Fig. 60 of 
Ingram (1955) which is not consistent with Fig. 1. The reason for 
the difference is that the energy level scheme in Ingram is for 
Fe3+ in an octahedral hydrated complex, a crystal field of medium 
strength. Fig. 1 is for 1e3+ in an octahedral cyanide complex, 
that is, for Fe3+ in a strong crystalline field. Ingramts energy 
level diagram illustrates that the effective spin for Fe3+ in a 
medium strength crystalline field is SI = 5/2. As mentioned before, 
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the energy level diagram of Fig. 1 indicates an effective spin of 
SI =1/2, which was verified by experiment. Also, the Fig. 1 
energy level diagram is consistent with Bethe1s group theoretical 
predictions. 
(c) Crlstallography 
The crystallography of K3Co(CN)6' rather than K3Fe(CN)6, 
will be discussed. The K3Fe(CN)6 salt upon which measurements were 
made, was so highly diluted with K3CO(CN)6 that from a cr,.atallo­
graphic point of view the salt can be considered as pure K3Co(CN)6. 
X-ray diffraction measurements on K3CO(CN)6' as reported 
in Structure Reports (1942-44), is considered as authoritative. The 
unit cell of K3Co(CN)6 is classified as belonging to the monoclinic 
crystal system. The length of the primitive translation vectors and 
the angle between them are quoted from Structure Reports. 
a = 7.15 AO b =10.4 AO 

0( = ~=900 is =107°201 

There are two K3Co(CN)6 molecules per unit cell. 

The K3Co(CN)6 crystal almost has the symmetry of the ortho­
rhombic crystal system. The orthorhombic system has higher symmetry 
than the monoclinic system. Consequently, it is more convenient for 
most purposes to consider the unit cell of K3Co(CN)6 as belonging to 
the higher symmetry orthorhombic system. This unit cell is called 
pseudo-orthorhombic, since it does not quite have orthorhombic sym­
metry. The specifications of the pseudo-orthorhombic cell, according 
to Groth (1906) are 
a : b : c =1.286 : 1 : 0.809 
0< = D=900, ,8 =90016' 
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o 
If the unit cell was truly orthorhombic, ;9 would be exactly 90 • 
Each pseudo-orthorhombic cell contains two monoclinic cells and 
therefore four K3Co(CN)6 molecules. 
Two magnetic oomplexes are observed in paramagnetic re­
sonance experiments. Since the unit cell of a crystal must describe 
the crystal completely, there must be two magnetic oomplexes per unit 
cell. It follows that in the monoclinic cell one of the 
K3(Co,Fe)(CN)6 molecules belongs to one complex, the other molecule 
to the other complex. In the pseudo-orthorhombic cell, two of the 
four K3(Co,Fe)(CN)6 molecules make up one magnetic complex, the 
other two molecules compose the other complex. The molecules of the 
different complexes are distinct in that they have different orien­
tations with respect to the unit cell translation vectors. 
The crystal growing technique used was simple. The de­
sired ratio by weight of K3Co(CN)6 and K3Fe(CN)6 was dissolved in 
distilled water. The solution was placed in a shallow dish and exposed 
to the air. By this means it was allowed to evaporate and eventually 
become saturated. As the solution evaporated further, the solute 
crystallized into a solid solution of the two salts. 
A diagram of the typical form of crystal grown in the lab. 
is given in Fig. 2. This crystal form corresponds nearest to the 
diagram in McWhorter and Meyer (1957); it does not compare too well 
with the diagram given in Groth (1906). This is not alarming because 
it is not the size or shape of the crystal faces that is important, 
but it is the relationships of the different faces, that is the 
morphology, which characterizes the crystal. An empirical crystallo­
graphic rule states that only the interfacial angles of a given crystal 
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must stay constant; the size and shape of the crystal depends on 
the techniques used to grow the crystal. 
Crystal angles were measured with a goniometer and stereo-
graphic projection used to find the interfacial angles. All crys­
tals measured had angles which agreed with angles quoted in Groth 
(1906); that is, the morphology of crystals grown here agrees with 
that described by Groth. 
The crystallographic axes can barelated to the mor­
phology of the crystal. With reference to Fig. 2, the pseudo-
orthorhombic axes are recognized as follows: a is perpendicular 
to the a-plane; b is in the a-plane and bisects the acute angle; 
c is in the a-plane and bisects the obtuse angle. 
Only K3Co(CN)6 has been discussed up to this point. From 
Structure Reports (1942-44) the specifications of the K3Fe(CN)6 
monoclinic cell are: 
o o 
a =7.04 A .0 b = 10.44 A C =8.40 A 
0< = ({=900 ;J = 107°30' 
Comparison with a, b, c and! for K3Co(CN)6 reveals that the unit 
cells of the two compounds are almost identical. Two compounds 
are isomorphous if their unit cell dimensions differ by less than 10%. 
K3Co(CN)6 and K3Fe(CN)6 are certainly isomorphous. The important 
implication of this is that the two salts will form a solid solution. 
That is, the Fe3+ ions should be randomly distributed in cells 
throughout the lattice. 
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2. PARAMAGNETIC RESONANCE THEORY 
(a) The Spin Hamiltonian 
The derivation of the spin Hamiltonian and its physical 
significance is discussed in many papers. Four references are 
B1eaney and Stevens (1953), Bowers and Owens (1955), Low (1960) 
and perhaps the best reference, Pryce (1957). In brief, the spin 
Hamiltonian is a device used to give a shorthand description of 
experimental results. It contains the g factors gx' gy' gz' and 
constants which describe the splittings in zero magnetic field due 
to the crystalline electric field and due to the hyperfine inter­
action between electrons and nuclei. 
The spin Hamiltonian of K3Fe(CN)6 is the simplest of all 
spin Hamiltonians of the 3d transition group because Fe3+ is the 
only ion whose orbital energy levels are not split by the crystal­
line electric field. This is discussed in a preTious section. 
Therefore, there are no terms in the spin Hamiltonian to describe 
zero field splitting as there are in the spin Hamiltonian of 
K3Cr(CN)6' for example. Hyperfine interaction is negligible since 
the nuclear magnetic moments of carbon and nitrogen are 'Very small. 
Consequently, the K3Fe(CN)6 spin Hamiltonian simply describes the 
Zeeman splitting due to the magnetic field. 
The spin Hamiltonian for K3Fe(CN)6 will be quoted and 
then diagonalized to give the Zeeman energy levels. The energy 
levels at that point are expressed in terms of coordinates of the 
magnetic complex system (x,y,z). In the second section the expression 
for the energy levels will be transformed to the pseudo-orthorhombic 
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crystallographic coordinate system (a,b,c). 
The spin Hamiltonian for K3Fe(CN)6' from Bowers and 
Owens (1955) is 
Hs =a(~ H S + g H S + g H S ) (2-1)I~ ~ x x y y y z z z 
where the effective spin is S =t. The symbols S t, Sxt, Sy 
and Szi should be used for the effective spin instead of the 
unprimed SIS which are reserved for the free ion spin. There 
will be no confusion if it is remembered that the spin used in 
the spin Hamiltonian is always the effective spin. 
The spin matrices Sx' Sy and Sz for S =tare 
S =t(o 1) S =t (? -i) (2-2)
x 1 0 y 1 0 
as, for example, in Schiff (1955) equations (24-15). The n that 
multiplies the spin matrices is absorbed in f" the Bohr magneton. 
Hx' Hy and Hz are the components of the constant ex­
ternal magnetic field Ho, along the magnetic complex axes x, y 
and z. The components are 
H = H cos c;;>( = 1 H 
x 0 0 
Hy =Hocos j3 =m Ho (2-3) 
Hz =Hocos ~ =n Ho 
where 0< ,;8 and ~ are the direction angles and 1, m and n are 
the direction. cosines of Ho with respect to x, y and z respectively. 
Substituting (2) and (3) into (1), one obtains 
H. =~[gx !~ ~) +tgy (: -: J + g. r: _:)] 
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.R Ho 
t:::...::;;2. (1(l . - i mg )2 <>:x: y 
H = 
s ~ (-ng )2 z 
To find the energy levels of the system represented by 
this Hamiltonian, diagonalize the spin Hamiltonian by writing the 
secular equation and solving it. 
The secular equation in determinant form is 
8ng -W 8 (lg - im g )2 z 2 x Y 
= 0 (2-4)
PH- -A'Ho 
t.::..=2 (lll + i mg) t:::..::::!. ng - W2 ~ Y 2 z 
Solving tor the energy levels, W, 
This equation gives the two energy levels as a function 
of the magnitude of the magnetic field, Ho, and the direction of the 
magnetic field with respect to the magnetic complex axes (x,y,z). 
One expects only two energy levels to come out of the formalism 
because we started with an effective spin of 1/2 which has only 
28 + 1 =2 allowed orientations. 
Cb) Transtormation of Axes 
The directions of the crystallographic axes (a,b,c) are 
known from the morphology of the crIstal. Therefore, in an experi­
ment, one knows the direction of the external magnetic field Ho 
with respect to (a,b,c). However, in the spin Hamiltonian and, con­
sequently in the expression for the energy levels, equation (5), H 
o 
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appears as components along the magnetic complex axes (x,y,z). 
Therefore the direction cosines 1,m,n of Ho with respect to 
(x,y,z) must be found in terms of the direction cosines of (x,y,z) 
and Ho with respect to (a,b,c). 
The direction cosines of (x,y,z) of the two magnetic 
complexes of K3Fe(CN)6 with respect to (a,b,c) are given in 
Table I. This information was taken from Baker, Bleaney and 
Bowers (1956). The two complexes are numbered 1 and 2 arbi­
trarily_ From this table one can write a table of direction 
angles for the two complexes and then draw the orientation of the 
two complexes with respect to the crystallographic axes (a,b,c), 
Fig. 3. 
The following relationship is proven in most elementary 
mathematics textbooks. If 1', m', n' and 1", m", n" are the di­
rection cosines of two lines with respect to some cartesian co­
ordinate system and g is the angle which one of the lines makes 
with the other, then 
Cos e =1'1" + m'm" + nln" (2-6) 
let 1'mln l be the direction cosines of H with respect
o 
to (a,b,c) respectively_ let l",m",n" be the direction cosines 
ofx, then y, and finally z with respect to (a,b,c) respectively_ 
Table I is the table of double primed direction cosines l",m",n" 
for the particular case of K3Fe(CN)6- Using Table I and (6) one 
can write the following equations for the two complexes: 
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For complex 1. 
For complex 2. 
1 = o.S66 l' 
m =-0.500 l' 
n= o 
1 =-0.S66 l' 
m = 0.500 l' 
n= o 
+ 0.500 m' 
+ 0.S66 m' 
+ o 
+ 0.500 m' 
+ 0.S66 m' 
+ o 
+ 0 
+ 0 (2-7) 
+ n' 
+ 0 
+ 0 (2-S) 
+ n' 
The energy levels of either magnetic complex can now be 
written as a function of the direction cosines relative to the 
crysta1lographic axes (a,b,c). The two energy levels for com­
plex 1. are obtained by substituting (7) into (5). 
w=±SHo ~0.75~2 + 0.25 g 2)1,2 + {O.S66g 2 - 0.S66g 2)l'm' ~ y x y 
(2-9)
+ (0.25gx2 + 0.75gy2)m,2 + gz2n,2 ] t 
The two energy levels for complex 2. are obtained by substi­
tuting (S) into(5). 
2w= ±~[(O.75gx2 + O.25gy2)1'2 ... (O.866gx - 0.S66g,.2)1'm' 
+ (0.25gx2 + 0.75gy2)m,2 + gx2n ,2J t (2-101 
It is repeated that the reason for writing the energy levels 
in this more complicated looking form is because the direotion 
oosines l',m',n' are those that are measured in an experiment. 
By inspection of (9) and (10), it is seen that in 
general, that is for an arbitrary direction of Ho,the energy levels 
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for the two complexes are not coincident. It is interesting to 
equate (9) and (10). One finds that the energy levels of the 
two complexes would always be coincident no matter what the orien­
tation of Ho' if 
A quantum of energy can excite transitions between two 
energy levels if it has the same magnitude as the spacing between 
the energy levels and of course, if the selection rules permit 
the transition. This is called the resonance condition and for 
the particular case of K3Fe(CN)6' the resonance condition expressed 
in the form of an equation is 
h,)= W-t-W+t (2-11) 
The two numbers -t and +t are the magnetic spin quantum numbers, ms' 
that label the two states of lowest energy that the Fe3+ ion is able 
to occupy. The l-t)state corresponds to the upper energy level, 
that is the plus sign in (9) and (10); the I+i)state corresponds 
to the lower level, the negative sign in (9) and (10). Both the 
states l-t)and l+t) have the same energy when Ho =O. This has 
been discussed previously and is illustrated in the energy level 
diagram, Fig. 1. If there was splitting of the lowest energy levels 
in zero magnetic field, the spin Hamiltonian would have more terms 
to account for this splitting. 
Applying the resonance condition (11) to the pair of energy 
levels of each magnetic complex, one is able to solve for the 
magnetic field at resonance as a function of ~ , the frequency of 
the quantum of radiation and l' ,n' ,m', the orientation of Ho with 
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respect to (a,b,c). The magnetic field, Ho' at which resonance 
occurs between energy levels of complex 1, is found by combining 
(9) and (11). 
Ho = t-.~ [(0.75gx2 + 0.25gy2)1'2 + (0.866gx2 - O.S66gy2)l'm, 
+ (0.25gx2 + 0.75gy2)m I2 + gz2 n t2 ] -t (2-12) 
By combining (10) and (11), one finds the magnetic field, Ho' at 
which resonance occurs between energy levels of complex 2. 
Ho =};l~ 0.75gx2 + 0.25g,.2)l,2 - (0.866gx2 - O.S66gy2)l'm1 
+ (0.25gx2 + 0.75gy2)m,2 + gz2 nl2 ] -t (2-13) 
In the last two equations the ratio of Planck's constant, h, 
and the Bohr magnetonf ' is the following numerical constant. 
-.b.- _ 6.625 x 10-27 ersJsec 
fi - 9.273 x 10-21 erg/gauss 
= 7.144 x 10-10 kilogauss!sec. 
Experimentally it is convenient to orient the crystal 
such that the magnetic field, Ho' is in one of the three crystal 
planes, bc, ac or ab, at a known angle to one of the crystallo­
graphic axes, a,b, or c. 
The following four equations are special cases of (12) 
and (13). The four equations give the magnetic field at resonance 
for the special cases of Ho in the three crystal planes: bc-plane, 
1'=0; ac-plane, m'=O; ab-plane, n':6. 
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When H is in the bc-plane, the resonance condition is the same 
o 
for both complexes. 
(2-UJ 
When Ho is in the ac-p1ane, the resonance condition is also the 
same for both complexes. 
When Ho is in the ab-plane the resonance condition is different 
for the two complexes. That is, the energy levels of the two 
complexes, equations (9) and (10) do not coincide. 
For complex 1­
Hab =) ~ [(0.75gx2 + 0.25gy2)1'2 + (0.S66gx2 ­
+ (0.25g 2 + 0.75g 2)m· 2 J -k­
x 1 
For complex 2. 
Hab =).v [(0.75gx2 + 0.25gy2)1'2 - (0.8~2 ­
+ (0.25gx2 + 0.75gy2)m.2 ] -t 
0.866gy2)1'm t 
(2-16) 
0.S66gy2)l'm t 
(2-17) 
The last four equations are plotted as eight curves in 
Figures 4, 5 and 6 by using ~~ =2.35, g =2.10 and g =0.915 
'"'X Y z 
from Baker, B1eaney and Bowers (1956). The last four equations 
represent the eight curves because of the following relationships 
between the direction angles, 0<.' ';S" ¥'. 
Ho in bc-plane: ;), =90 - ~' 
Ho in ac-plane: 0' =90 -0<' (2-18) 
Ho in ab-plane: 0< I =90 -,,8' 
where l' =cos 0<.. " m' = cos ;S I and n I =cos ;:( I • 
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The spectroscopic splitting factor, g, is a symmetric 
tensor of the second rank. A representation quadric can be used 
to describe any symmetric second-rank tensor and the components 
gx' gy and gz appearing in the foregoing equations are the n.1ues 
of g along the principal axes of the quadric. The principal 
axes of the quadric are the magnetic complex axes (x,y,a). As 
in Low (1960), equation (8.1), the value of g in any direction 
is given by the expression 
where, as defined before, l,m,n, are the direction cosines of a 
vector with respect to the magnetic complex axes (x,y,z). 
By using Table I and (19) one is able to find ga' gb 
and gc' the n.lues of g along the three crysta110graphic axes. 
ga2 =0.75gx2 + O.25gy2 
gb2 =0.25gx2 + 0.75gy2 (2-201 
gc2 = gz2 
Upon comparison of equation (20) and the equations for the energy 
levels (9) and (10), it is seen that ga2, gb2 and gc 2. are the co­
efficients of 1,2, m,2 and n,2 respectively. 
2 
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a b 
TABLE 
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3. PARAMAGNETIC RELAXATION THEORY 
(a) Bloch's Classical Theorl 
In the saturation method, the method used in this ex­
periment, the output of the spectrometer, the peak deflection of 
the recorder pen is proportional to (dX "/dHo) where X " is max 
the imaginary part of the susceptibility, X == X, - i X", and Ho 
is the constant part of the external magnetic field. The imaginary 
part of the susceptibility, )(", has been derived by Bloch and it 
is related to the spin-lattice relaxation time, TI-
The assumptions Bloch used in his derivation viII be 
discussed in this section and then a little will be said about 
mechanisms. X. n is stated and (dX "/dHo)max is calculated in 
Appendix A. 
Bloch's approach to the problem is phenomenological. He 
did not consider any physical mechanisms by which the spin system, 
after reeeinng energy from the high frequency part of the external 
magnetic field by paramagnetic resonance, gives energy to the 
lattice_ Bloch argued in terms of macroscopic observables rather 
than micro scopic mechanisms. The treatment is also classical; 
Bloch did not use any of the postulates of quantum mechanics. 
Four assumptions that he used to simplify the treatment 
follow: 
1. Electron spins are weakly interacting, that is, the salt 1s 
magnetically dilute. One is able to write 
.... N 

M == ~)1i 

i==l 
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where M = total magnetic moment of the crystal, 
;Ui = spin magnetic moment of the ith electron, 
N = number of unpaired electrons in the crystal. 
2. The lattice is always in thermal equilibrium with the bath, 
the bath being the liquid helium, liquid air or whatever may be 
in contact with the surface of the crystal. 
3. The spin-lattice relaxation time, Tl , is defined by 
dt 
where 	
~ 
M = total magnetic moment of the crystal in the z-direction,z 
~ 
M = total magnetic moment of the crystal in the z direction 
o 
in the absence of the high frequency part of the constant magnetic 
field, that is, when the spin and lattice systems are in thermal 
equilibrium. The z-direction is defined as the direction of the 
constant part of the external magnetic field. 
4. The spin-spin relaxation time, T2, is defined by the equations 
~ 	-l\ 
-	 = -and ~l dt T2 dt 
..... 
where 	~ = total magnetic moment of the crystal in the x-direction, 
M y = total magnetic moment of the crystal in the y-direction. 
The high frequency part of the external magnetic field is as­
sumed 	to be in the xy plane. 
The first assumption, the assumption of a magnetically dilute 
salt, implies that both dipole-dipole and exchange interaction be­
tween spins are small. The dependence of dipole-dipole and exchange 
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interaction on the percent concentration of paramagnetic atoms in 
the solid, %C, can 1:e estimated. If the distance between ad­
jacent paramagnetic atoms i and j, is r ij , thenrij varies as 
(lOO/%C}1I3 for a cubic lattice. Dipole-dipole interaction varies 
as approximately rij3 and therefore varies directly as %C in the 
case of a cubic lattice. Exchange interaction is directly pro­
portional to the exchange integral. The exchange integral decreases 
with increasing r ij and therefore varies as (%C)n where n > O. 
The second assumption states that the lattice and bath have 
the same temperature at all times. Some mechanism to conduct energy 
from the lattice to the bath must be operative. There is a relax­
ation time, Tb' associated with the lattice-bath mechanism and 
assumption 2 implies that Tb = O. If Tb is not negligible compared 
to Tl' then an attempted measurement of Tl will not yield a true 
value of Tl , but a parameter that is a function of Tl and Tb. When 
Tb is not negligible, the lattice bath interaction process is re­
ferred to as a bottleneck. 
By solving the differential equations defining TI and T2, 
one finds that the third and fourth assumptions state that Mz ap­
...... -'" 
proaches Mo and that ~ and My approach zero exponentiallywith time, 
with time constants Tl and T2• These assumptions are made o~~y for 
the sake of mathematical simplicity. These definitions of TI and T2 
become less plausible when one is conSidering a system with more 
than two appreciably populated energy levels. Fortunately the Fe3+ 
ion in K3Fe(CN)6 has an effective spin of SI =i, that is, only two 
energy levels appreCiably populated. 
Theories which are not phenomenological consider the inter­
action mechanisms between the spin system and lattice system. The 
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most important mechanism, which was suggested by Kronig, is that 
the thermal lattice vibratiommodulate the crystalline electric 
field and the crystalline electric field, through spin-orbit 
coupling, acts on the spins. Using this physical mechanism, 
Kronig found that at low temperatures and for a spin of S =t, 
the spin-lattice relaxation time is given by the expression 
(3-1) 
where 4 = energy difference between the two lowest orbital 
-1
states, cm , 

A = spin-orbit coupling parameter, cm-~, 

H = constant external magnetic field,

o 

T = temperature, in degrees Kelvin. 

"Low temperatures" means temperatures below liquid air temperature. 
The interaction at a low temperature, say, liquid helium tempera­
ture of 4.20K, gives TI the dependence shown in (1) and is called 
the direct phonon-spin interaction. At high temperatures another 
process called the Raman process predominates and TI has a different 
dependence on b., H and T, although the same dependence on A, as 
in (1). 
The spin-spin relaxation mechanisms are identified with 
mechanisms that determine resonance line width. The relationship 
between spin-spin relaxation time and line width is stated at the 
end of this section. A simple account of the many sources that con­
tribute to the width of a paramagnetic resonance line can be found 
in Singer (1959), Section 4-5. 
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Dipole-dipole interaction is the most active line broad­
ening mechanism in concentrated salts. The qualitative description 
of dipole-dipole interaction is simple. Each dipole finds itself 
in a time varying local magnetic field produced by neighbouring di­
poles. This local field is given approximately by H1 -:::: IfIr.3,
oc i 1 
where it is necessary to sum i over nearest neighbours only. The 
line width, .6. Ho' is the root mean square value of Hl oc• The line 
width in units of field, ~Ho' is related to the line width in units 
of angular frequency, ~W, by the equation
o 
D.w = o 
The symbol II Ho is used to draw attention to the fact that the 
local magnetic field moldulates the constant external magnetic field, H • 
o 
The spin-spin relaxation time is approximately the recip­
rocal of the line width. That is, T2 
expression for T2 which follows from B1och's expression for )( ", is 
stated in the next section. 
(b) Method of AnalYsis of Experimental Data 
In this section Bloch's theory will be combined with re­
lations which describe the experimental method used. The resulting 
equation is (3-7) which is then analysed to reveal an important 
property expressed by (3-13). Finally, expressions for three quantities 
upon which Tl depends, are derived. 
The paramagnetic resonance spectrometer employs a super­
heterodyne amplifying system, the output voltage of which is 
proportional to the input voltage. 
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The free radical DPPH, diphenyl picryl hydrazyl, saturates 
at much higher powers than K3Fe(CN)6. Therefore, over the range of 
powers used in this experiment the following equation applies for 
DPPH 
where SD =peak to peak deflection of the recorder pen due to DPPH, 
V = voltage at the input of the magic T, 
D = a constant defined by this equation. 
To get an equation relating the deflection of the recorder 
pen to the spin-lattice relaxation time of K3Fe(CN)6' first write 
equation (16) from Feher (1957): 
where Vrefl • = change in voltage reflected from the cavity due 
to absorption of power by the paramagnetic sample, 
1\ = filling factor of the cavity, 
Qo = unloaded Q of the cavity in the absence of para­
magnetic absorption. Since the external magnetic field, Ho' i8 
being modulated, the peak value of the deflection of the recorder 
pen, S~2 , is given by the following expression: 
SF = G~ (dA Vrefl7, 
= 
2 dHo max 
where SF = peak to peak deflection of the recorder pen due to Fe3+, 
Bm = peak to peak amplitude of the modulation of Ho' 
G = gain of the amplifying system. 
Substituting the expression for (dX "!dHo)max' (A-6) and c61l.cting 
constants, one obtains 
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-3/2SF = F V (1 + c)') (3-6) 
where F = ~ 27/321f G Hm t'\.. QoY'X OT22WO' 
er = O~12rlT2 
Divide equation (3) by equation (6) 
SD D 3/2
- = - (1+0) (3-7)
SF F 
I t is more convenient to write cJ in the following form 
()' = t 2H12TlT2Pi 
= N P.1. (3-8)Pi 
where P = power incident on the paramagnetic salt, since 
i 
HI 2/P. is a constant. 1. 
Equation (6) is consistent with equation (5.4) in Andrew 
(1956). As explained in Andrew, this equation is correct when 
W T1 « 1 where W = 2 'TT ~ , V being the frequency of m m m m 
the modulation of the external magnetic field, H. In this ex­
o 
periment V = 200 cycles/second and the order of magnitude of 
m 
Tl is Tl = 10-4 sec. Therefore, CA)mTl ~ 0.1. The salt 
K3Cr(CN)6 has a relaxation time approximately a factor of 102 
longer than K3Fe(CN)6. Therefore, for the same W m' WmTl » 1 
for K3Cr(CN)6 and the more complicated case represented by 
equation (5.6) in Andrew must be followed. 
An analysis of equation (7) follows which enables one to 
interpret the experimental data Tery simply. 
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Define the following quantities: 
1. PL = 1 watt. 
2. Pi = power incident on the paramagnetic crystal, in watts. 
3. 10 log Pi/PL = Pdb, incident power in db above 1 ~tt. 
4. 	 10 log NPL = Ndb , where N = 6' 2 Hl2.rlT2 

Pi 

5. 20 log SD /SF = Sdb 
6. 10 log D/F = Ddb 
Substitute (8) into (7) and write (7) in the following 
form: 
SD D ( 	 3/2
= F 1 + NPL ~)SF 
Take 20 log of both sides of (9) and use the definitions. 
Sdb = Ddb + 3 [10 log (1 + NPL :~ )] 	 (3-10) 
Equation (10) plotted as Sdb vs Pdb approaches two straight lines 
at low and high powers. The equations of the asymptotes are found 
next. 
At law powers, such that NPi « 1, (10) reduces to 
(3-11)Sdb = Ddb 
At high powers, such that NPi » 1, (10) becomes 
Sdb = Ddb + 3Ndb + 3Pdb (3-12) 
This is an equation of a straight line with slope =	~Sdb =3 . 
.6Pdb 
Solve the two straight line equations (11) and (12) to 
find the intersection point. At the intersection, 
Pdb =-N db 
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Substituting (13) into (10) one gets the result 
Sdb = Ddb + 9 
This is a statement of the fact that at the interseotion of the 
two asymptotes, the theoretioal curve lies 9 db above the low 
power asymptote. This is an indioation of the shape of the knee 
of the theoretioal 	curve. 
Two important ~oints may be deduoed from the foregoing 
analysis. First, Ndb is independent of the slope of the curve. 
This is obvious from (13); the factor 3 oanoelled when (11) and 
(12) were equated. Seoondly, the shape of the Sdb vs Pdb curve is 
independent 	of Ndb• This is demonstrated by substituting the de­
Pdr/lOfinition Pi/PL =10 into (la) and rearranging with the 
result 
From inspeotion of (10) it is already obvious that the shape of 
the ourve is independent of D db. 
Equation (10) is the best form to plot the theoretical 
relation (7) tor the purpose ot oomparison with experimental curves. 
Equation (10) is plotted in Fig. 7 tor Ndb =Ddb =0 since the 
shape of the ourve is independent of Ndb and Ddb" 
The spin-lattioe relaxation time is oaloulated from (8) 
which is rewritten below. 
N (3-14) 
The method of determining N from experimental data has already been 
desoribed. The remainder of this section will be devoted to the 
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three remaining quantities on the right-hand side of (14). 
Derivation of Spin-5pin Relaxation Time, T2­
The expression for T2 which evolves from Bloch's theory 
is that given by (A-4). 
T =(l...:!:..2: \Y1 1 2 ) }w-w ()-lS) 
o 
where er =02Hl2r1 T2• 
The quantity Iw - wl in (IS) is the distance from the centre 
o 
of the resonance line to either inflection point. Therefore it is 
convenient to define the line width as the distance between in­
flection points. 
To simplify (15), line width is always measured at in­
cident powers such that er«l. The salt is said to be unsaturated 
when 0-« 1; the relation between ~ and the saturation factor is 
evident from equation (2.25) of Andrew (1956). When the salt is 
unsaturated, (15) becomes 
l~___T 
2 = 'f3 (w - w)
o 
Experimentally the line width is measured in units of magnetic 
field. Combining the last equation with (2) and the definition 
of line width, AWo = 2(W,) - £.0), one obtains the final expression 
2 I 
T2 = \f3 0AH (3-16) 
o 
- 34 ­
Derivation of Gyromagnetic Ratio, ~ • 
The gyromagnetic ratio, '6, is defined as the constant 
in the well-kno'WIl Larmor classical expression, 
w :; tH (3-17)
o 0 
For a free electron of mass "m" and charge e =-Iel , 
where JUo =permeability of free space. 
For a bound electron an expression for D is obtained by 
combining the definition with the resonance condition. Thus, comb­
ining (17) and (2-11), 
(3-18) 
For the special case of '3Fe(CN)6' 0 is found by substitution of 
the energy level equations (2-5) into (18). 
(12g2 22 22)t+mg +ng
x 1 z 
o= 8.794 x 109 g (sec.ki1ogauss)-1 
2Result of Calculation of HI IPi " 
2The ratio Hl IPi is calculated by starting with the normal-
mode magnetic field equations as given in Montgomery (1947), Section 
5.4, and the definition of the Q of a cavity. For an undercoup1ed 
cavity, that is for f < 1, the expression for the ratio is quoted 
from Meyer (1955). 
( t. J "." (~"lU1_ )2 = ~ 1::.~ Q (1 - r) (3-20) 
Pi lOV" L 
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:3
where V = abc = volume of cavity in em, 
UJ = angular frequency of the magnetic field in (see)-1 , 
A = 2 1T' c/w = free space wave1eIgth in cm, 
Ag = waveguide wavelength in cm, 
% = ~ = loaded Q of the cavity,1+1 
= unloaded Q of the cavity, 
r - 1 -,tJ = magnitude of the reflection coefficient, 
l+~ 
= coupling parameter, 

H 2 (gauss)2

and ~ has units 
ergs/see.Pi 
In this thesis, 2Hl is the peak amplitude of the high 
frequency part of the external magnetic field, as defined by 810ch 
in his derivation of 'X ", equation (A-I). In Meyerts thesis, HI is 
the symbol for the peak amplitude. 
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4. EXPERIMENTAL METHOD 
The experimental method used is known as the CW saturation 
method. The method and the apparatus is described in detail in 
Lortie (1960). The spectremeter used in this laboratery was .origi­
nally designed with reference to a paper by Feher (1957). A goed 
review .of paramagnetic resenance spectremeters, which fellows Feher' 5 
treatment, appears in the last chapter of Low (1960). 
A brief general discussion of the experimental method, in­
cluding the use of N .M.R., follows. Table II is a collection of 
numerical data which was noted for every experimental run. Appendix 2 
outlines the precedure used when making a typical run. 
The spectrom.eter is preperly called a superheterodyne spec­
tremeter; the highly sensitive superheterodyne detectien system is 
employed. Fig. 8 is a photograph of the spectremeter. Radiation .of 
3 cm wavelength from a 2K39 klystron, frequency stabilized by a Pound 
stabilizer, was used to cause paramagnetic resonance in the salt. 
The constant external magnetic field, H , as high as 6000 gauss in 
o 
intensity, was produced by a 6-inch Varian magnet. The magnet could 
not be retated with respect te the dewar. A maglc-T bridge enabled 
one te measure the absorptien line due to X" separately from the dis­
persion line due to /('. The constant magnetic field, Ho' was modu­
lated se that the .output .of the spectremeter was pr.op.orti.onal t.o the 
derivative .of the abs.orptien line. 
The frequency and magnetic field at paramagnetic resenance, 
the frequency and amplitude .of the m.odulating field and .other miscel­
laneous data are included in Table II. 
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TABlE II 
MiscellaneousDat& 
1. Temp: 4.2°K 
2. Energy levels involved in the Transi t1ons: -t ... +t 
3. Concentration of DPPH: 2 x 1018 spins 
4. 	 Size of F.3+ crystal (typical): 
a) Dimensions: 0.2 cm x 0.6 cm x 0.6 cm ~ 0.07 cm3 
b) Mass ~ 100 rag. 
Orientation of F.3+ crystal: H 11 b-axis 
o 
6. 	 Ho at resonance: 
3+
a) Fe 	 , H = 3238 gauss.
o 

b) DPPH, H =3500 gauss (approx.) 

o 
7. R.F. frequency: .J = 9400 Mc/sec. 
8. Modulating coil field frequency: Vm = 200 cycles/sec. 
9. Modulating coil field amplitude: ~ =0.3 gauss r.m.s. 
10. Maximum 	 power available from 2K39 Klystron: 100 to 200 lBW 
11. 21\39 reflector to cathode voltage: 400 V (average). 
12. Pound Stabilizer cavity setting: 309.1 
1.3. Mixer crystal current: 600)JA for each crystal. 
14. Pre-R.F. atten. + post - R.F. atten = constant: 50 db 
15. I.F. atten. = constant: 20 db 
Nuclear magnetic resonance was used to measure the magnetic 
field at resonance and to calibrate the recorder paper in units of 
magnetic field so that the line width could be measured. The measure­
ment of magnetic fields by N.M.R. is simple in principle. A small 
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probe containing water is inserted into the magnetic field. The 
probe is connected to equipment which measures the frequency at 
which the protons, that is, the nuclei of the hydrogen atoms, 
resonate. This frequency is measured to an accuracy of 1 part in 
104. The gyromagnetic ratio of the proton is known to better 
than 	1 part in 104• From Andrew (1956), equation (4.7) is 
¥ = 2.67530! 0.00006 (sec gauss)-l 
p 
Therefore, from Larmor's relation, fA) p = ((pRo' the external mag­
netic field can be found to an accuracy of 1 part in 104. 
Ho = 0.23486 Vp ki10gauss 
where ~ p 	 = frequency at proton resonance in Mc/sec. 
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FIG. 8 
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5. RESULTS 
Measurements vere made on only tvo different concentrations 
3+
of salts: 0.5% and 1.0%. Measurements were attempted on 0.1% Fe 
in K3Co(CN)6 but the signal from the 0.1% salt vas only about two 
or three times as large as the background noise in the unsaturated 
power region. A signal this eize is much too small to determine the 
parameter, N db. 
Salts of over 1.0% concentration are not considered dilute. 
Measurements on concentrated salts were not made because 
[ 
the theory 
used does not apply; assumption 1 used in the development of Bloch's 
equations states that the salts must be dilute. 
(a) Presentation of Results 
Table III gives the experimental results, including the 
preciSion of the results. Chauvenet's criterion, Tuttle and Satterly 
(1925), vas used to reject measurements and then the percent probable 
error vas calculated. It must be pointed out that the precision of 
a measurement as estimated by the theory of errors is not significant 
when less than ten repeated measurements are made on a quantity. As 
stated in Table lII, the number of line width measurements is less 
than ten. However, the percent probable error of the line width indi­
cates the order of magnitude of the precision. 
The following symbols must be defined in order to interpret 
Table In. 
1. n = number of repeated measurements. 
2. M = mean value of n repeated measurements of the ~uantity M. 
mean 
3. Mi =i th value of M. 
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4. v = Mi - M = deviation from the mean or residual.i mean 
5. r = probable error of a single measurement, Mi • 
6. r 0 = ?n = probable error of ~an • 
r7. 	%ro = ~ x 100 = percent probable error. 

~ean 

From the theory of precision of measurements, 
I v 2 
r = 0.6745 . ___i_ (5-1)
o 	 1 n(n-l) 
TABLE III 

EXE!ri~ntal Results 

%Fe.3+ 
 Nmean n %ro ( 6 Ho)mean %ron(watts) -1 gauss 

0.5% 118 10 10•.3 7.5 4 4.4 

1.0% 116 10 9.0 7.4 7 2.6 

The following six quantities were measured in order to ca1­
:2
culate HI/Pi' equation (3-20): Qu,~, a, b, c andw. The unloaded 
Q of the caTity and the coupling parameter were measured by standard 
techniques with the results, 
~ = 2250! 10% 
j3 = 0.86! 10% 
About five repeated measurements of ~ and f were made and the per­
cent error was estimated. Later, however, the Jercent errore of ~ 
and ft will be formally considered as percent probable errors as 
defined by (1). The results of measurements of the dimensions of the 
cavity and the angular frequency of the magnetic field are 
a =2.3 cm, b =1.0 cm., c =4.6 cm., andw =211'(9.400) x 10
. 
9 
clS I 
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The precision of the frequency is better than 1 part in 104. The 
errors in the cavity dimensions are small l::ut unknown. Therefore, 
it will be assumed that the errors in the last four measurements 
are negligible. 
By inspection of (3-14), (3-17) and (3-20), it is seen 
that Tl is an indirectly measured quantity which depends on nine 
quantities which were directly measured in this experiment: N, ~ Ho' 
f3 , ~, Ho' w, a, b, and c. As etated previously, the last four 
quantities are assumed to have negligible error and from the dis­
cussion with regard to precision of magnetic field measurements in 
Chapter 4, the error in Ho is negligible. However, the first four 
quantities do have errors which have been calculated for Nand AHo 
and estimated for ;S and ~. 
One of the fundamental problems of indirect measurements is, 
given the probable errors of directly measured quantities, to find 
the probable error of any fUnction of these quantities. The solution 
of this problem is now quoted. 
let F = f (al,a2 •• 0 0., oan ) represent any function of directly0 
measured quantities al'a2•••••• an• let R, r l ,r2•••••• rn be the probable 
errors of F,&1'a2, •••••an• Then 
[ ( d FJ r 2 ( ~ F ) 2r 2 ( d F ) 2r 2 ] (5-2)R = Ta 1 + Ja2 2 + • •• 0 •••+ d an n 
where the probable errors rl'r2' ••••• rn are given by (1). The 
percent probable error of F, %R,ie, of course, %R= 100 RIF. 
Equation (2) will be used to calculate the percent probable 
errors of the four indirectly measured quantities: 0 , H12/Pi' T2 
and Tlo 
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Calculation of ~ 
The gyromagnetic ratio can be calculated by equation (3-19) 
with the aid of results from Baker, Bleaney and Bowers (1956) as 
well as by equation (3-17) and results obtained in this laboratory. 
It will be calculated by both means and then comps.red. 
First, (3-19) is used to calculate ~. Since the external 
magnetic field Ho was parallel to the b-axis, the g in (3-19) is gb' 
as given by (2-20). The principal values of g and the direction 
cosines in (2-20) as reported by Baker, Bleaney and Bowers (1956) 
were used to calculate gb. The direction cosines are in Table I 
and gx =2.35 : 0.02, gy =2.10 ! 0.02 and gz =0.915 ! 0.01. 
The percent probable error in ~ was calculated aSSuming negligible 
error in the direction cosines. 
~ =1.91 x 107 ! 0.7% (gauss. sec)-l 
Equation (3-17) and the values of W and Ho at paramagnetic 
resonance from Table II are used to calculate the experimental value 
of ~. The result is 
o = 1.82 x 107 (gauss.sec)-l 
where the error in ~ is negligible since W and H are both measured 
o 
to an accuracy of 1 part in 104. 
The difference between the two values of t is of the order 
of 5% and yet the percent probable error in the first value of (( is 
0.7% and in the experimental value of 'l( ,negligible. Possibly a 
mistake has been made in the measurement of the magnetic field, H , 
o 
at resonance. However, (f as found in this laboratory will be used 
in the calculation of T2 and Tl' and it will still be assumed that the 
probable error in ~ is negligible. 
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Calculation of H12/Pi 
Equation (3-20) was used to calculate H12/Pi - The wave­
guide wavelength appearing in t~-20) was calculated from the 
knowledge of the mode of operation of the cavity and the dimensions 
of the cavity_ The mode was TE102 and therefore, "g =2e/n =4.6 cm 
where c is the length of the cavity that can be varied by the tuning 
rod and n is the last subscript on TE102­
It was assumed as discussed previously that the only 
quantities in (3-20) that have significant probable errors are Q 
u 
and ,8. The percent probable error in H12IPi was calculated by 
means of (2) and it is interesting that, although the probable 
errors of ~ and f/ are the same, the probable error of the particu­
lar function of ~ and fJ given by (3-20) is almost entire11 due to 
~. This insensitive dependence of H12/Pi on ~ can be reconciled 
by inspection of (3-20). As f3 ----. 1, H12/Pi becomes independent 
of If; as f? ---+ 0, H12/Pi becomes very sensitive to ~ ­
2 2 
Hl 0 43 + 11'd (gauss) ~ = • - v~ watt 
The results of the calculations of T2 and T1 and their per­
cent probable errors, as calculated by (2), constitute Table IV. 
The spin-spin relaxation time T2, was calculated from (3-16). 
The spin-lattice relaxation time, T1, was calculated from the following 
expreSSion, which is the result of combining (3-l4),(3-l6) and (3-17). 
fL 
2 (5-3) 
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where wand Ho are the values of the angular frequency of the high 
frequency part of the external magnetic field and the intensity of 
the constant part of the external magnetic field at paramagnetic 
resonance. 
TABLE IV 

Results of Calculations 

%Fe.3+ 
 T2, sec. %R Tl'sec. %It 

0.5% 8.5 x 10-9 4.4 9.8 x 10-5 15.0 

1.0% 8.6 x l(j9 2.6 9.5 x 10-5 13.7 

Double Resonance Lines 
In all experimental runs but one, two Fe.3+ resonance lines, 
between 20 and 35 gauss apart, were observed. In one run a perfect 
single resonance line was observed. Therefore, it can be stated 
that two resonance lines were always observed, the distance between 
the lines varying from 0 to 35 gauss. The pair of resonance lines 
in all cases were of equal intensity. 
For each of the two resonance lines, the parameter Ndb and 
the line width, were found to be the same within experimental error. 
Therefore, Table III does not give the mean values of N and line 
width for each member of the pair of resonance lines. Table III 
gives the mean of the mean values of N and Il. H for each of the pair
o 
of resonance lines. 
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(b) Discussion of Results 
A discussion of the experimentally determined values of Tl 
and T2 for 0.5% and 1.0% concentrations of Fe3+ in K3CO(CN)6 will 
be given in the conclusions_ In this section the method of experi­
mentally determining the parameter N will be discussed. Then, the 
occurence of double resonance lines of equal intensity will be dis­
cussed. 
The method by which the parameter Ndb, and therefore N, 
was found from the experimental data must be justified. As ex­
plained in the last paragraph of Appendix B, the theoretical curve, 
Fig. 7, was used in conjunction with the experimental points to find 
the intercept of the two asymptotes, Ndb- Obviously, this is not 
the best method of determining Ndb because it assumes that the ex­
perimental curve has a high power asymptote with the same slope as 
the theoretical curve. The correct method would be to draw a curve 
of best fit through the experimental points and then find Ndb by 
drawing two asymptotes to this curve. 
The former method was used because experimental points, 
at high enough powers to determine the slope of the high power 
asymptote accurately, were not obtained. The highest power at which 
experimental points were obtained corresponds to Pdb =+ 10 on the 
theoretical graph, Fig. 7. In order to draw the high power asymp­
tote, there must be at least two points on the linear portion of the 
curve, that is, at least two points above Pdb c::::: + 12 on the curve 
of Fig. 7. The fewer high power pointe an experimental curve has, 
the smaller appears the slope of its high power asymptote. 
At first, the cause of the double resonance lines was 
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thought to be incorrect orientation of the crystal because of 
confusion with regard to how the crysta110graphic axes are re­
lated to the morphology of the crystal. The direction of the 
crysta1lographic axes with respect to the morphology of the crystal 
was determined by goniometer measurements as mentioned in the 
section on crystallography. After a number of crystals were 
measured, it was concluded that the crystals had been properly 
oriented. 
Next, the existence of poly-synthetic twinning was sus­
pected. This is twinning on the microscope scale which cannot be 
detected by macroscopic measurements such as observation of the 
crystal between two nico1 prisms. Twinning of this kind can be 
detected by X-ray diffraction study. X-ray diffraction pictures 
were taken with a precession camera and the results were compared 
with data in structure Reports (1942-44). This work was carried on 
for almost a month with inconclusive results. It is the opinion of 
the author that the determination of the orientation of the twins, 
if twinning exists, is at least a thesis in itself. Development 
of crystal growing methods that prevent twinning would be more use­
ful to the laboratory research program. 
Subsequent observation of a single instead of double resonance 
line by the author and other people in the laboratory has led to the 
conclusion that poor orientation of the crystal is responsible for 
the double resonance lines. The following calculation demonstrates 
that the orientation of the crystal is very critical. 
Equations (2-14),(2-15),(2-16) and (2-17) reveal that one 
- 49 ­
resonance line should be expected for Ho in the bc or ac-plane 
and two resonance lines for H in the ab-plane. The plot of 
o 
equations (2-16) and (2-17) in Fig. 5 show how the distance be­
tween resonance lines, in units of magnetic field, varies with (81, 
the angle between band H, when H is in the ab-plane. In all 
o 0 
experimental runs the crystal was oriented so that Ho would be 
parallel with the b-axis. The angle ~I that will give a distance 
between the pair of resonance lines of 35 gauss is calculated 
assuming H is in the ab-plane and ~ I is small. 
o 
The curves Ho VS;SI in Fig. 5 for small /' can be ap­
proximated by straight lines with the slopes of the curves at 
tf'= O. To find the three slopes, differentiate (2-14),(2-16) 
and (2-17) with respect to /' and then set fi' = O. For both 
complexes (d Hbc ) _.
- o. 
d;6" 1'=0 
For complex 1, 
( : ~~b)j3'=O = -0.316 
For complex 2, (d Ha) - + 16d~' '=0 - 0.3 
The equations of the straight lines (Hab)l vs~' and (Hab )2 vs ~t, 
where (Hab)l Is the magnetic field at resonance for complex 1 when 
Ho is in the ab-plane and (Hab)2 defined similarly, are 
(Hab)l = -0.316 ~t + b 
(Hab)2 =+0.316p' + b 
where b is the intercept with the Hab axis. 
(Hab)2 - (Hab)l = 2(0.316) (3' 
For (Hab)2 - (Hab)l = 35 gauss, 
~t = 0.055 radians = 3°. 
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For H anywhere between the ab and bc-plane at a small angle to 
o 
the b-axis, equations (2-12) and (2-13) must be differentiated 
with respect to ,et to find the slope. The same type of calcu­
lation would show that resonance lines for each complex would 
occur 35 gauss apart for ;3' > 3°. For H in the bc-plane the 
o 
resonance lines of the two complexes superimpose and therefore 
the slope of Rbc VS (3' at It = 0 is zero, as stated above. 
A mistake in orientation as large as 3° is quite possible. 
The crystal was oriented only by line of sight before it was glued 
to the cavity plunger. The magnet coils are stationary so that Ho 
could not be rotated with respect to the crystal. 
It was ob8erved that both members of the pair of resonance 
lines were always of equal intensity. This observation agrees with 
the prediction of equation (3-6). The only quantity on the right 
hand side of(3-6) which is different for each resonance line is wo. 
Since the external magnetic field at resonance is about Ho ~ 3000 
gauss, the distance between resonance lines, being 35 gauss, is about 
1% of Ho and therefore 1% of Wo' since Wo = ~ Ho. The intensity of 
one line should be different from the intensity of the other by 1%, 
a difference too small to be detected by the spectrometer. 
- 51 ­
6. CONCLUSIONS 
The spin-lattice relaxation time, Tl , and spin-spin 
relaxation time, T2, of 0.5% and 1.0% concentrations of 1e3+ in 
K,3Co(CN)6 were measured. From Table IV the results are the same 
for both concentrations: Tl =(1 ! 0.15) x 10-4 sec. amd 
T2 = (9 :t 0.4) x 10-9 sec. to the first significant figure. 
The spin-lattice relaxation time for potassium ferri­
cyanide is much shorter than for other ions of the 3d transition 
group. For example, the spin-lattice relaxation time of 0.5% Cr3+ 
in K,3Co(CN)6 as found by Smith (1961) is T1 =18 x 10-3 sec tor 
the +t ~ -t transition. Qualitatively at least, the relatively 
short spin-lattice relaxation time of potassium ferricyanide can be 
explained with reference to (3-1). The quantities Ho and T in (3-1) 
are independent of the paramagnetic ion and concentration. The spin­
orbit coupling constant, A , should not be dependent on the type of 
ion or on the concentration. Reference is made to the relativistic 
equation for A, equation (,38.14) in Schiff (1955). The principal 
reason that Tl is so short for potassium ferricyantde is because of 
the dependence of T1 on the fourth power of the energy splitting 
between lowest orbital states. To a first approximation, the ground 
state ot potassium ferricyanide is not split at all. The ground 
state of potassium chromicyanide is split in & cubic crystalline 
electric field and further split in lower symmetry fields. 
The spin-spin relaxation time,T2 ,for potassium ferricyanide 
is about the same as for potassium chromicyanide. From Smith (1961) 
T2 =1.4 x 10-8 sec for the +t ~ -t transition for 0.5% cr3+ 
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in K30o(ON)6. That T2 is independent of the type of ion is expected. 
From the discussion of the mechanism of spin-spin relaxation, T2 
should only depend on the concentration. The dependence of T2 on 
percent concentration, %0, is reasoned as follows: 
T 2 Co( l/~o 0( r[ 0< 1/%0 
On this basis a shorter relaxation time should be expected for 1.0% 
concentration than for 0.5%, but in fact the spin-epin relaxation 
times are the same for both concentrations. It is concluded that 
the above considerations are over-simplified and that at concen­
trations less than 1.0%, T2 is independent of concentration. 
The experimental points fit the theoretical curve, Fig. 7, 
well. By mistake all experimental curves wre first fitted to, 
instead of a theoretical curve plotted from (3-7), a theoretical 
curve described by (3-7) but vith (1 + er )'f on the right-hand side 
of (3-7) instead of (1 + 0- )3/2 • The incorrect curve has a slope 
of 1.5; the correct curve, Fig. 7, has a slope of 3. The fit of 
experimental points to the curve with slope 1.5 vas poor compared 
with the fit to the curve of Fig. 7. This supports the physical 
consideration vhich directly determines the slope, the consideration 
being the statement of linear detection, equations (3-3) and(3-5). 
A shortcoming of the method of analysis of experimental 
results must be clearly understood. The method of analysis is to 
find the intercept of two asymptotes and, therefore, a necessary 
restriction is that the experimental curve must be assumed to have 
the form described by (3-7). It has been shown that the intercept 
of the two asymptotes of {3-7} is independent of the slope of Fig. 7, 
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that is, independent of the exponent on the right hand side of 
(3-7). However, as explained in the discussion of results, it 
was necessary to assume that the experimental curve had the exact 
form of (3-7). The implications of the last assumption depend on 
one's point of view. A conclusion with regard to the seriousness 
of this shortcoming will not be made. 
Double resonance lines of equal intensity were observed in 
most experimental runs. It is concluded that the cause of the 
double lines was inaccurate orientation of the crystal with respect 
to the constant part of the external magnetic field. The maximum 
observed distance between the pair of resonance lines was 35 gauss. 
A calculation has shown that a mistake in orientation of 3° can 
cause the displacement of 35 gauss. 
Equations (2-12) and (2-13) describe the angular variation 
of the paramagnetic resonance spectra of potassium ferricyanide. 
Figs. 4,5 and 6 have been plotted from (2-12) and (2-13) and may be 
useful for comparison with future measurements. 
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APPENDIX 
A. Calculation of (d"X"/dH ) 
omax 
The imaginary part of the susceptibility,"X If, as derived 
by Bloch, is given in Andrew (1956), equation(2.54). 
(A-I) 
where )(0 = static susceptibility, the susceptibility when the 
spin system temperature equals the lattice system 
temperature , 
Wo = '( Ho' the Larmor frequency, 

Ho = constant part of the external magnetic field, 

~ = gyromagnetic ratio for electrons, 

2Hl = 	 peak amplitude of the high frequency part of the 
external magnetic field, 
w = frequency of the high frequency magnetic field, 
Tl = spin-lattice relaxation time, 
T2 = spin-spin relaxation time. 
To relate this theory to experiment one must find 
(d X"/dHo)max' the quantity that appears in (3-5). 
Since 
The procedure used to find (d'X"Id w ' is broken into the following(jmax 
four steps: 
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1. 	 d Xtf/dwo is calculated. 

2/2
2. d 'Xtt dwo is calculated. 
3. d2)(tt/dw02 is set equal to zero and the resulting 
equation is solved for wo. 
4. This value of Wo is substituted into d X."/dwo to give 
(d X."/dwo)max. 
Upon following the calculation to step three, it is 
found that the eqUation,d2x,II/dwo2 =O,reduces to the form 
w 3 - Aw + B = 0 	 (A-2)o 0 
Equation (2) can be solved numerically for Wo if numerical values 
of A and B are known. Since A and B depend on two parameters 
that must be experimentally measured, namely Tl and T2, one can 
only use order of magnitude values of Tl and T2 in the expressions 
for A and B. 
An alternative approximate procedure is to show first 
that d Xtt/dwo ~ d X"/dw for the appropriate order of 
magnitude values of Tl and T2• Having shown this, calculate 
(d X"/dw)max by the same mathematical procedure as outlined for 
the calculation of (dX"/dwo) • It turns out that (dX"/dw) ax is max m 
easy to calculate exactly and for this reason the procedure out­
lined in this paragraph is used. 
To estimate the error in the approximatlon,d X"/dwo Oa! d'X."/dw, 
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find the numerical value of the following ratio: 
d XU/dWg = 1 + (wo - w)2T22 + er 
- 1 (A-.3)
d X"/dw 2T22w (w - w)o 0 
Order of magnitude values appropriate for K3Fe(CN)6 are 
Tl =10-4 sec, T2 =10-8 sec, HI < 1 gauss and ~o =9400 Mc/sec 
where w =2 7T ~ • One is only interested in the region of 
o 0 
frequency where the susceptibility d 'X"/dw is a maximum. There-
fore, substitute the value of w given by equation (4) into (.3). 
Using the above numerical data, the ratio is approximately 
The fact that the two derivatives are of apposite sign is not 
important. Only the magnitude of (d 'X"/dHo) in equation (3-5)max 
is physically significant. 
The result of step three of the mathematical procedure is 
that the maximum value of dXn/dw occurs at the frequency, w, 
given by 
(A-4) 
The maximum value 
(A-5) 
Then, to within the error of the approximation d 'X "/dwo ~ dXn/dw, 
(A-6) 
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B. Routine Experimental Procedure 
A necessary step in learning about the experimental method 
is to understand the procedure used when making an experimental run. 
The routine procedure is outlined below. This procedure does not 
include major adjustments, for example, adjustments involved to put 
the Pound stabilizer in working order. It will be assumed that the 
reader is referring to a block diagram of the apparatus, or to the 
apparatus itself. 
First, it is necessary to draw attention to four attenuators 
which are used in the system. The pre-R.F. attenuator is at the in­
put of the magic-T, the post-R.F. attenuator is at the output of the 
magic-T, the I.F. attenuator is at the input of the main I.F. ampli­
fier and diode detector, and the audio attenuator is at the input of 
the phase sensitive detector which precedes the recorder. The sum 
of the pre-R.F. and post-R.F. attenuator settings is always kept 
constant in order to keep the power level constant into the super­
heterodyne receiver. The 1.F. attenuator setting is always kept 
constant also. The values of attenuator settings used in this ex­
periment are given in Table 11. 
The following constitutes the routine procedure: 
1. The paramagnetic salt and DPPH are glued to the tuning plunger 
of the rectangular cavity. The cavity is tuned for cavity resonance. 
2. Simultaneously, the following two adjustments are made: 
(a) The local oscillator cavity is adjusted until the 
balanced mixer crystal current meters read a maximum and 
(b) the main oscillator reflector voltage is adjusted 
until the V.T.V.M. at the output of the I.F. pre-amplifier reads 
a maximum. 
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3. The microwave bridge, which is the dummy arm of the magic-T, 
is tuned. The attenuator of the microwave bridge is set arbitrarily. 
The phase control of the microwave bridge is adjusted until a mini­
mum (or maximum) is observed on the V.T. V .M. at the out.rnt of the 
I.F. pre-amplifier. After this adjustment is made, the output of 
the magic-T will be almost entirely proportional to the derivative 
of X", with respect to Ho. 
4. Paramagnetic resonance is observed. If the output is only pro­
portional to X" the curve produced by the recorder will have the 
symmetrical form illustrated in Lortie (1960), Fig. 11. If the 
output curve of the recorder is not symmetrical, the phase control 
is adjusted slightly and the line is again observed. Two or three 
more adjustments of the phase control and observations of the line 
are usually sufficient to obtain an output dependent on d ?("/dHo 
alone. 
5. At this time or later, any of the following three measurements 
may be taken: 
(a) The power meter which reads the power incident on 
the pre-R.F. attenuator is zeroed and then read. The power 
incident on the cavity in db above 1 watt, Pdb, is 
Pdb = Podb - pre-R.F. atten.setting - 3 (B-l) 
where P odb is the power meter reading in db above 1 watt 
and 3 db is subtracted to account for the fact that only 
one-half the incident power on the magic T is incident on 
the cavity; the other half goes into the dummy arm of the 
magic-To 
(b) The R.F. frequency is measured by means of a cavity 
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frequency meter. If some other R.F. frequency is desired 
the Pound stabilizer must be adjusted. 
(c) The N.M.R. apparatus is adjusted and the magnetic 
field at resonance is measured. One of the three recorder 
pens is connected to the N.M.R. output and indicates by a 
click the position on the graph paper that corresponds to 
the field setting on the N.M.R. apparatus. 
6. To begin measurements, the pre-R.F., post-R.F. and I.F. at­
tenuators are set at suitable values as previously discussed and 
the DPPH and paramagnetic salt resonances are recorded. Measure­
ments are usually taken at 3 db steps of incident power; if the 
pre-R.F. attenuator is changed by ! 3 db, the post-R.F. attenuator 
is changed by +3 db. The four attenuator settings and any other 
appropriate information is recorded on the recorder paper. 
7. At some time during the experiment, one or more resonances 
are recorded at low incident powers with the graph paper running 
at a high speed. The line wtdthsof these expanded lines are 
measured. The incident power must be low in order that equation 
(3-16) may be used. 
8. The incident power in db above I watt, Pdb, given in (1) and 
Sdb defined prior to equation (3-9) are calculated and then plotted 
on thin graph paper. The experimental points are fitted to the 
theoretical curve, Fig. 7, by plaCing the experimental graph over 
the theoretical graph, both being plotted to the same scale. At 
the best fit a cross is traced on the experimental graph where the 
two asymptotes intersect. 
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